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JS7Jaagsiekte sheep retrovirus (JSRV) is the causative agent of ovine pulmonary adenocarcinoma (OPA) in sheep.
A major interest is elucidating the mechanism(s) of transformation by the viral envelope (Env) that functions
as an oncogene. These studies would beneﬁt from a cell line derived from type II pneumocytes that have
maintained the differentiation state. In this study we used an OPA-derived cell line (JS7), which has lost
structural and functional properties of type II pneumocytes, and no longer expresses JSRV when grown in 2-D
monolayer culture. When JS7 cells were placed in 3-D culture using Matrigel, they grew as small spheres of
polarized cells that re-expressed surfactant proteins characteristic of type II pneumocytes. Moreover, JS7 cells
grown in 3-D re-expressed JSRV virus by several criteria. This study underscores the importance of the culture
environment on maintaining the differentiation state of OPA tumor cells as well as expression of JSRV.epartment ofMolecular Biology
7, USA. Fax: +1 949.824.4023.
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Ovine pulmonary adenocarcinoma (OPA) is a sheep lung tumor
that arises from type II pneumocytes and perhaps also Clara cells in
animals infected with Jaagsiekte sheep retrovirus (JSRV). The
envelope protein (Env) of JSRV also acts as an oncogene because
expression of Env can transform cells in culture (Allen et al., 2002;
Danilkovitch-Miagkova et al., 2003; Liu et al., 2003; Liu and Miller,
2005; Maeda et al., 2001; Palmarini and Fan, 2001; Rai et al., 2001)
and induce tumors in animals (Caporale et al., 2006; Wootton et al.,
2005). It would be ideal to study JSRV Env transformation in a
differentiated type II pneumocyte cell line derived from sheep, but
they have not been available.
The native three-dimensional (3-D) structure and microenviron-
ment support cell–cell and cell–environmental interactions important
for structural and functional properties of glandular epithelial cells
(Debnath and Brugge, 2005; Dobbs et al., 1997; Gruenert et al., 1995;
Shannon et al., 1990; Shannon et al., 1987;Whitcutt et al., 1988). Two-
dimensional (2-D) or conventional monolayer culture on plastic does
not support these interactions (Debnath and Brugge, 2005). Consis-
tently, epithelial cells cultured in 2-D tend to lose properties such as
polarization, formation of cell junction complexes and expression of
proteins characteristic of the differentiated state. Type II pneumocytes
produce and secrete surfactant proteins, which are required for the
low surface tension of the lung alveoli. In vitro studies performed in
differentiated type II pneumocytes are limited because type IIpneumocytes cultured in monolayer readily de-differentiate or
transdifferentiate into type I pneumocytes (Dobbs, 1990; Dobbs
et al., 1985; Manzer et al., 2006;Mason et al., 1977;Wang et al., 2006).
The differentiation state of primary type II pneumocytes can be
prolonged when they are cultured in conditions that recapitulate the
in vivo environment, which include culture on extracellular matrix
(ECM), contracted collagen gels, at an air–liquid interface, and
supplementing culture media with growth factors (Borok et al.,
1995; Cott et al., 1987; Dobbs et al., 1997; Olsen et al., 2005; Wang
et al., 2006). Although these techniques prolong the differentiation
state, dedifferentiation or transdifferentiation still occurs. Some
epithelial cells cultured in 3-D grow as spheres that structurally and
in some cases functionally recapitulate properties in vivo (Debnath
et al., 2003; Petersen et al., 1992; Streuli and Bissell, 1990). Primary
type II pneumocytes cultured in Matrigel have been reported to form
spheres and in some reports they maintained the differentiation state
better (Dobbs et al., 1997; Shannon et al., 1990; Shannon et al., 1987).
However, the levels and duration of surfactant expression are limited.
A few reports describe culture conditions that support reversion from
primary type I to type II pneumocytes (Danto et al., 1995; Dobbs et al.,
1997; Olsen et al., 2005; Wang et al., 2007). However, the question
remains if an established type II pneumocyte-derived cell line has
plasticity to re-differentiate back to type II pneumocytes after long-
term culture in the de-differentiated or transdifferentiated state.
JS7 cells are a mildly transformed sheep type II pneumocyte cell
line derived from OPA tumors (DeMartini et al., 2001; Jassim et al.,
1987). JS7 cells have de-differentiated and do not support activity of
the one integrated provirus or a JSRV LTR reporter construct
(DeMartini et al., 2001; Jassim, 1998; Palmarini et al., 2000). We
reasoned that JS7 cells cultured in 3-D using Matrigel might grow as
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teractions important for differentiation of type II pneumocytes. JS7
cells cultured in 3-D with Matrigel formed small but organized
spheres that are structurally and functionally more similar to type II
pneumocytes in vivo compared to 2-D culture. Additionally, the
culture conditions supported re-expression of the silenced provirus,
indicating that the epithelial structure and/or differentiation state are
important for expression of JSRV.
Results
Our objective was to establish a method to culture the OPA-
derived type II pneumocyte cell line (JS7) in conditions that favor
growth properties observed in vivo but are lost in 2-D culture. JS7 cells
were cultured in 3-D by seeding a single cell suspension of cells on top
of polymerized Matrigel (overlay) or in Matrigel (embedded) and
overlaid with a small volume of culture medium that allowed for an
air–liquid interface. JS7 cells cultured in 3-D with Matrigel formed
small spherical structures termed spheres (Fig. 1A and not shown).
Althoughmany spheres remained viable, cell death was also observed
(Fig. 1A; arrow). Viability greatly decreased with longer periods of
culture (N15 days). The spheres were small and uniform in size; all
were less than 25 μm in diameter. To gain insight into the structure of
the spheres, they were counterstained with phallotoxin and DAPI and
confocal microscopy was performed. Cross-sections through the
center of counterstained spheres depict that they consisted of 3–6
cells (Fig. 1B) and approximately 15% of spheres contained a smallFig. 1. JS7 cells form spheres in 3-D culture. (A) Light microscopy photographs of JS7
cells cultured in 3-D for 5 days. Asterisk (*) depicts the sphere that was enlarged and
illustrated in the top right inset. The arrow depicts cells that died during the assay.
Magniﬁcation, 200× and scale bar, 20 μm. (B) JS7 spheres were stained with DAPI and
cross-sections through the center of the spheres were obtained by confocal microscopy.
(C) JS7 spheres were counterstained with phallotoxin to detect actin and confocal
cross-sections through the center of the spheres were obtained. The box depicts the
area that was enlarged and illustrated in the top left inset. Asterisk (*) depicts where
the nuclei reside in the ﬁeld of view shown. (B and C)Magniﬁcation, 400× and scale bar,
20 μm.central lumen (Fig. 1C). Lumen formation was more frequently
observed in the larger spheres (5–6 cells).
Many epithelial cells cultured in 3-D conditions structurally and
functionally recapitulate in vivo properties that are lost in 2-D culture.
Therefore it seemed plausible that JS7 cells had different properties in
3-D compared to 2-D culture. Tight junctions are frequently disrupted
in malignancy and not observed in 2-D culture. MDCK canine kidney
epithelial cells form well-deﬁned tight junctions in 2-D culture
(Stevenson et al., 1986) and immunostaining with ZO-1 illustrates
this (Fig. 2A). As expected, ZO-1 localized to the cell–cell contact points
where tight junctions are known to form. JS7 cells in 2-D culture had
poorly deﬁned and generally diffuse ZO-1 staining at the boarders
between cells, indicating no or poorly deﬁned tight junctions (Fig. 2B).
In contrast, JS7 cells cultured in 3-D formed more deﬁned tight
junctions at cell–cell boarders in areas facing the lumen (Fig. 2C).
The fact that ZO-1 localized to the interior of the spheres suggested
that the cells were polarized with the apical side facing the lumen.
Polarization was examined using the cis-Golgi protein, GM-130,
which localizes to the apical side of polarized cells. GM-130 was also
localized in the interior of the spheres (Fig. 2D), conﬁrming that the
cells polarized with the apical region facing the interior. Apical
orientation toward the lumen recapitulates polar orientation of
alveoli cells. The fact that JS7 spheres were polarized raised the
question if they could also secrete basement membrane from the
basolateral side. Laminin is a component of secreted basementFig. 2. Polarization of JS7 cells in 2-D and 3-D cultures. (A) MDCK and (B-F) JS7 cells
were immunostained with antibodies to the proteins indicated in the panels that were
grown in 2-D (A, B and E) and (C, D and E) 3-D culture conditions. Samples were
counterstained with DAPI and examined by confocal microscopy. Magniﬁcation, 630×;
bars, 20 μm.
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dant amounts of secreted laminin were observed at the basolateral
side of cells in 3-D culture compared to little or no expression in 2-D
culture (Fig. 2E and F). Together these results indicate that although
the JS7 cells formed spheres that were small (3–6 cells), they were
organized structures because tight junctions, polarization and
secretion of basement membrane were observed.
Since JS7 cells cultured in 3-D recapitulated properties of polarized
epithelial cells in vivo, it seemed plausible that re-differentiation
toward type II pneumocytes could be occurring. Expression of
markers for type II pneumocytes, SP-A and SP-C proteins, were
detected by immunoﬂuoresence in the spheres but not in the same
cells cultured in 2-D conditions (Fig. 3A). Immunoﬂuoresence data
were conﬁrmed by RT-PCR for SP-C and SP-A RNA. As expected, SP-C
RNA was detected in JS7 3-D cultures but absent in JS7 and A549 2-D
cultures (Fig. 3B). Although JS7 cells cultured in 3-D expressed SP-C,
expression was higher in primary sheep type II pneumocytes cultured
on a mixture of collagen and Matrigel (Fig. 3B). Levels of SP-A RNA
were comparable between JS7 cells cultured in 3-D and primary sheep
type II pneumocytes cultured on a mixture of collagen and Matrigel
and higher compared to low levels in 2-D culture (not shown).
Treatments that have favored maintenance of the differentiation stateFig. 3. The differentiation state of JS7 cells in 2-D and 3-D cultures. (A) JS7 cells were
cultured in 2-D and 3-D for 5 days. Samples were immunostained for SP-A (top) and SP-C
(bottom), counterstained with DAPI and analyzed by confocal microscopy. Magniﬁcation,
630×; scalebar, 20 μm. (B) RT-PCR for SP-Cwas performedoncDNA fromJS7 cells cultured
in 2-D and 3-D, A549 and primary sheep type II pneumocytes (PSTII). Ampliﬁcation of
GAPDH was used as control. Size of ampliﬁed products is indicated.of primary rodent type II pneumocytes were used in an attempt to
enhance re-differentiation in 3-D culture (Gonzales et al., 2002;Wang
et al., 2006; Xu et al., 1998). Supplementing culture media with
keratinocyte growth factor (KGF), dexamethasone (Dex), isobutyl-
methylxanthine (IBMX), 8-bromo-cycle AMP (8Br-cAMP), combina-
tions of the above and commercial media optimized for growth of
airway epithelial cells did not further enhance the levels of re-
differentiation. Additionally, culture in the presence of these additives
on plastic had no affect on restoring the differentiated phenotype (not
shown).
We wanted to determine if 3-D culture in Matrigel, which favored
differentiation toward type II pneumocytes, supported expression of
the silenced JSRV. Gag expression was detected by RT-PCR using
primers that amplify a region containing a ScaI restriction site in JSRV
that is absent from the same region of endogenous JSRV-related
proviruses. Presence of a ScaI-sensitive product indicates expression
from the JSRV provirus (Palmarini et al., 1996). The majority of PCR
product for RNA from JS7 cultures grown in 3-D could be digested
with ScaI indicating that it reﬂected expression of JSRV (Fig. 4A). In
contrast, the RT-PCR product from JS7 cells grown in 2-D conditions
was largely ScaI-resistant indicating that it reﬂected ampliﬁcation of
endogenous JSRV-related RNA (Fig. 4A). Viral expression was
independently conﬁrmed by measuring reverse transcriptase activity
from culture medium using a sensitive commercial assay. As shown,
the reverse transcriptase units per cell (based on MLV reverse
transcriptase) was signiﬁcant in JS7 cells cultured in 3-D compared
to little to no activity from cells cultured in 2-D conditions (Fig. 4B).Fig. 4. Expression of JSRV provirus in 3-D culture. JS7 cells were cultured in 2-D and 3-D
culture conditions. (A) RT-PCR was performed using primers P1 and P2, which amplify a
region of gag.Half the reactionwas removed and digestedwith ScaI (Cut, C). The reactions
were resolved on the same gel. pJS21 is the full-length molecular clone of JSRV that was
included as a positive control. (B) Reverse transcriptase units per cell number from culture
supernatant of the indicated cells cultured in 2-D and 3-D conditions. Negative and
positive controls for the assaywere uninfected NIH-3T3 (3T3) andMLV-infected 3T3 cells
(3T3-43D), respectively. The results are representative of four independent experiments.
Statistical signiﬁcance between JS7 cells cultured in 2-D compared to 3-D conditions was
determined by Student's t test. *P=0.008.
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JSRV occurs when JS7 cells are grown in conditions that promote re-
differentiation toward type II pneumocytes.
Discussion
Due to the lack of a sheep type II pneumocyte cell line that has
maintained the differentiation state, JSRV transformation and viral
assays have been performed in cell lines derived from other cell types
and species. We and others have therefore studied JSRV transforma-
tion in primary type II pneumocytes from sheep and rats under
conditions that favor maintenance of the differentiated state (Archer
et al., 2007; Johnson et al., 2011). However, such cells are not easily
obtained and are not immortalized, which has presented challenges.
An ideal in vitro systemwould be a sheep type II pneumocyte cell line
that has maintained the differentiation state and is minimally
transformed. In this report, we describe studies in the OPA-derived
sheep type II pneumocyte cell line, JS7. Culture of JS7 cells in 3-D using
Matrigel resulted in growth of small spheres consisting of a polarized
ring of cells that were joined by tight junctions, secreted basement
membrane and expressed surfactant proteins. Orientation of the
polarized cells was consistent with cells in alveoli because the apical
side was oriented toward the interior. Importantly, culture in 3-D
supported re-expression of the silenced JSRV provirus, indicating that
it could still be re-activated.
Type II pneumocytes are notorious for trans- or de-differentiating in
2-D culture (Dobbs, 1990; Dobbs et al., 1985;Manzer et al., 2006;Mason
et al., 1977;Wang et al., 2006), and JS7 cells appear to have done this as
well. Changing culture conditions has been reported to support
expression of surfactant proteins in transdifferentiated type II pneumo-
cytes (Dobbs et al., 1997; Wang et al., 2007; Xu et al., 1998), although
these studies were on primary type II pneumocytes that had recently
transdifferentiated. This is the ﬁrst report of re-expression of surfactant
proteins in a type II pneumocyte-derived cell line after long-term
culture in the de-differentiated or transdifferentiated state. Although
SP-C expressionwas observed in JS7 3-D cultures, expressionwas lower
compared to primary sheep type II pneumocytes. This study raises the
possibility that type II pneumocyte cell lines fromother species have the
potential to express surfactant proteins when cultured in similar
conditions. However, enhanced expression of surfactant proteins in
other type II pneumocyte cell lines has not been reported, perhaps
because they aremore transformed than theminimally transformed JS7
cells.
The mechanism by which growth in Matrigel promotes mainte-
nance and/or re-differentiation of JS7 cells remains to be determined.
Type II pneumocytes secrete and directly interact with basement
membrane, which is important for their differentiation, metabolism
and function. One possibility is that interactions with Matrigel, which
is derived from basement membrane, provided the signals required to
express proteins of differentiated type II pneumocytes. Another
possibility is that 3-D culture provided spatial conditions favorable
for differentiation. Epithelial cells cultured in 3-D differ from 2-D
cultures because they have three surfaces: apical, lateral and basal
(O'Brien et al., 2002). The ability to form all three surfaces has been
important in growth of spheres (O'Brien et al., 2002). It is possible that
culture in 3-D itself drives sphere formation. However, culture of JS7
cells in collagen gels did not result in growth as spheres (data not
shown) indicating that suspension in 3-D per se is not sufﬁcient for
sphere formation. Once Matrigel facilitates sphere formation, new
cell–cell or cell–Matrigel interactions may be required for re-
differentiation toward type II pneumocytes.
The importance of size and shape on structural and functional
properties of type II pneumocytes was demonstrated when primary
type II pneumocytes cultured on collagen gels did not maintain the
differentiation state; when the gels were allowed to contract,
differentiation was maintained (Shannon et al., 1987). Nuclei andcytoplasm size of JS7 cells were smaller in 3-D compared to 2-D
culture (Fig. 3A). It is possible that Matrigel provided torsion on the
cells that was important for differentiation.
Other features of the culture conditions may have contributed to
the re-differentiation of the JS7 cells. Maintenance of an air–liquid
interface is important for maintaining differentiation of primary adult
rat and sheep but not human type II pneumocytes (Dobbs et al., 1997;
Wang et al., 2007). Addition of growth factors and chemicals is
important for maintaining differentiation of primary rat type II
pneumocytes (Gonzales et al., 2002; Wang et al., 2007), but they
had no affect on JS7 cells, perhaps because they are tumor-derived. A
previous report indicated that primary sheep type II pneumocytes
cultured in Matrigel maintained the differentiation state longer
compared to culture on plastic or ﬁlters coated with collagen or
ﬁbronectin (Archer et al., 2007). However, in that study the primary
cells were not cultured with an air–liquid interface and culture media
contained added factors.
A noteworthy feature of these experiments was the re-expression
of the silenced JSRV provirus. We have previously reported that the
JSRV LTR is speciﬁcally active in differentiated type II pneumocytes,
both in transfection assays with LTR-reporter constructs (Palmarini
et al., 2000) and in LTR transgenic mice (Dakessian and Fan, 2008).
Additionally, loss of viral expression coincided with de-differentiation
during culture of primary cells from OPA tumors (Archer et al., 2007;
DeMartini et al., 2001). Results from this study provide further
evidence that the differentiation state of type II pneumocytes is
required to support activity of JSRV LTR.
While we describe a system for re- or transdifferentiation of JS7
cells back toward type II pneumocytes with accompanying re-
expression of JSRV, there are limitations to this system. In 3-D culture,
JS7 cells have a low doubling rate and a signiﬁcant number die making
it difﬁcult to obtain sufﬁcient cells for biochemical experiments. Our
approach is to perform future studies in JS7 cells engineered to
constitutively express JSRV Env. In preliminary experiments we have
found that they formmuch larger spheres in 3-D culture (not shown).
Studying JSRV Env transformation in JS7 3-D cultures will allow us to
study mechanisms of transformation in the context of epithelial
structure and signaling of sheep type II pneumocytes. This is
important because we previously reported different signaling path-
ways for transformation of MDCK (kidney epithelial) cells cultured in
3-D compared to 2-D (Johnson et al., 2010).
Materials and methods
Cell lines
The JS7 cell line is derived from a JSRV infected animal that
developed OPA (DeMartini et al., 2001). Cells were grown in low
glucose Dulbecco's modiﬁed Eagle media (DMEM) supplemented
with 10% fetal bovine serum. MDCK cells were cultured in minimum
essential medium (MEM) supplemented with 10% fetal bovine serum.
NIH-3T3 cells and NIH-3T3 cells chronically infected with 43D
(murine leukemia virus; MLV) were grown in DMEM supplemented
with 10% calf serum. Primary sheep type II pneumocytes were
obtained from Dennis Voelker and James Martini (DeMartini et al.,
2004). All growth media were also supplemented with penicillin
(100 U/ml) and streptomycin (100 μg/ml) and cultured at 37 °C and
5% CO2.
3-D Culture system
JS7 cells cultured in Matrigel were performed as previously
described (Debnath et al., 2003) with modiﬁcations. 6×103 cells/
well were resuspended in 40 μl of Matrigel (BD Bioscience) and
cultured in 8-well chamber slides (LAB-TEK) placed in a humidity
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matrix with 100 μl of culture medium that was replaced daily.Immunoﬂuorescence
Immunostaining was performed as previously described (Debnath
et al., 2003). Antibodies speciﬁc for GM130 (1:300, BD Biosciences),
ZO-1 (20 μg/ml, Invitrogen), SP-A (1:200, Chemicon), pro-surfactant
SP-C (1:200, Chemicon) and laminin (1:300, Sigma) were used.
Secondary antibodies were Alexaﬂuor conjugated-488 anti-rabbit and
-mouse (Molecular Probes). Spheres were counterstained with
Prolong Anti-Fade DAPI and phallotoxin-546 (Molecular probes).
Structures were analyzed by confocal microscopy using a Zeiss
Axiovert 200M microscope and analyzed with Zeiss Zen 2008 LE
software.Reverse transcriptase assay
5×104 Cells were seeded in 60 mm plates (2-D conditions) and 8-
well chamber slides (4 wells) embedded in Matrigel (3-D conditions)
as described above. NIH-3T3 and NIH-3T3 cells chronically infected
with MLV (3T3-43D) were included as negative and positive controls,
respectively. Growth media were collected daily for 6 days and stored
at −80 °C. Cells were harvested after 6 days of culture as follows.
Matrigel cultures were incubated in 200 μl (75 units) of dispase (BD
Biosciene) for 20 minutes at 37 °C. Samples were centrifuged at
1000 rpm for 5 minutes. The supernatant (dissolved Matrigel) was
collected and cell pellets were resuspended in 250 μl of trypsin and
incubated at 37 °C for 10 minutes to open up the spheres. Lumen
contents were collected after centrifugation. The total number of cells
cultured in 2-D and 3-Dwas counted by trypan blue exclusion. Culture
media from the daily collections and 3-D fractions (dissolvedMatrigel
and lumen) were pooled together and centrifuged at 25,000 rpm for
1 hour at 4 °C. Pelleted virus was resuspended in 40 μl of reaction
buffer (50 mM Tris–HCl, 20% glycerol, 2 mM DTT, pH 7.6.). Reverse
transcriptase activity was detected using EnvChek Reverse Transcrip-
tase Assay (Molecular Probes) following manufacturer's instructions.
Murine leukemia virus (MLV) reverse transcriptase (Applied Biosys-
tems) was used to establish a standard curve to calculate the reverse
transcriptase units from the relativeﬂuorescence value. The results are
presented as the reverse transcriptase units per 105 cells. Experiments
were set up in triplicate and results shown are representative of four
independent experiments.RNA extraction and RT-PCR
Cells were cultured in 2-D or 3-D conditions for 5 days. Total RNA
was isolated from cell pellets with NucleoSpin RNA XS (Macherey-
Nagel). cDNA was synthesized with 500 ng total RNA using iScript
cDNA synthesis kit (BioRad) in 20 μl reactions as outlined by the
manufacturer. Expression of exogenous and endogenous JSRV was
distinguished by PCR amplifying a region of gag that contains a ScaI
restriction site present in exogenous and absent in endogenous JSRV
as previously described with modiﬁcations (Palmarini et al., 1996).
pJS21 is the full-length molecular clone of JSRV (Palmarini et al.,
1999). 12.5 μl of the PCR reaction was removed for ScaI digests and
DNA was resolved on a 2% agarose gel. SP-C expression was ampliﬁed
using primers 5′-CATCCCCTGCTGTCCCGTGAAC and 5′-GAAGGC-
CAGGTCCCCAGAGAATG. GAPDH was ampliﬁed using primers 5′-
GACCTCAACTACATGGTCTAC and 5′-AGCAGTTGGTGGTGCAGGATG.
SP-A was ampliﬁed using primers 5′-CAGTGAGGTGGGGTGGTTATGA
and 5′-TGGGGAGGCATCTTGTTAGG. Reactions were performed using
GoTaq Green master mix (Promega) in 25 μl volume reactions.References
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